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The scanning tunneling microscope (STM) has been used to study the c(8X2) reconstruction of
GaAs(100). High-resolution STM images imply this surface is composed of equal numbers of arsenic
and gallium atoms, resolving disagreements in the interpretation of several previous experiments. The
c(8X2) structure arises from an ordered arrangement of (4X2) subunits, with each subunit containing
two As dimers and two Ga dimers.
The GaAs(100) surface is known to exhibit a large
number of surface reconstructions depending on process-
ing conditions. In order of increased annealing tempera-
ture in ultrahigh vacuum (UHV), the primary reconstruc-
tions are c(4X4), (2X4)/c(2X8), (1X6), (4X6), and
(4 X 2 ) /c ( 8 X 2). Of these reconstructions, the
(2X4)/c(2X8) has been studied most extensively, and
high-resolution scanning tunneling microscopy (STM)
images obtained by a number of groups have verified the
missing As dimer model for this reconstruction. ' The
(4X2)/c(8X2) reconstruction, however, has not been
studied as extensively, and its atomic arrangement has
not been conclusively determined. Frankel et al. have
postulated a missing Ga dimer model for the (4X2)
reconstruction, analogous to the missing As dimer model
for the (2X4) reconstruction. Biegelsen et al. studied
the GaAs(100) c (8X2) reconstruction with STM and ob-
tained images which appeared to support a missing Ga
dimer model. We have obtained especially high-
resolution STM images of the c (8X2) reconstruction and
propose a different model for this surface, one which con-
sists of uninterrupted rows of As dimers separated by two
rows containing perpendicular Ga dimers.
GaAs(100) is a technologically important surface and
many studies have attempted to characterize its various
reconstructions. Previous work has shown a close rela-
tionship between surface stoichiometry and the various
GaAs(100) reconstructions. Most studies have concluded
that the reconstructions are ordered from highest As sur-
face concentration to lowest with increased annealing
temperature as c (4 X 4), (2 X 4) /c (2 X 8), ( 1 X 6), (4 X 6),
and (4X2)/c(8X2), with the (1X6), (4X6), and
(4X2)/c(8X2) having nearly equal As surface concen-
tration. However, attempts to quantify the As/Ga
surface ratio have been inconclusive, with different
groups reporting widely varying As/Ga ratios for the
various constructions. ' Surface Ga concentrations
for the (4X2)/c(8X2) reconstruction have been report-
ed from 0.48 (Ref. 6) to greater than 1.0 (Ref. 9) fractions
of a monolayer.
Previously obtained STM images of (4X2)/c(8X2)
reconstructions on GaAs and other III-V semiconductors
have consistently shown the presence of well-ordered
rows 16 A apart running parallel to the [110] direction.
The 16-A period, four times the lattice period along the
I 110] direction, strongly implies that the c(8X2) recon-
struction is composed of ordered (4X2) subunits. The
missing Ga dimer model of the (4X2) subunit advocated
by Biegelsen et al. on the basis of relatively low resolu-
tion STM images contains two adjacent Ga dimers and
two missing dimers. Ohkouchi and Tanaka' proposed a
similar (4X2) subunit for their InP(100) samples an-
nealed in an As Aux, one containing rows of adjacent In
dimers resting on a complete layer of As. Schweitzer
et al." proposed that the (4X2) subunits on InSb(100)
contains three In dimers and four filled Sb lone pair
states.
The STM used in the present analysis is based on the
design by Lyding et al. , ' and is incorporated within a
UHV system containing a low-energy electron-diffraction
(LEED) system and an annealing station with a base pres-
sure of 4X10 " torr. The STM was operated in con-
stant culrent mode with a typical tunneling current of 0.1
nA. The tips used were either dc etched tungsten wire or
single crystal I 111] tungsten wire ion milled in a separate
system. Samples used in this experiment were grown by
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molecular-beam epitaxy and capped in situ with a thick
( —1000 A) As layer before transfer in air to the STM
chamber. The samples were In soldered to a resistively
heated molybdenum foil for analysis. Temperature was
measured by a thermocouple spot welded onto the
molybdenum foil. The As cap was desorbed by Gashing
the sample to 415'C repeatedly until the chamber pres-
sure did not increase significantly during subsequent
Aashes. The samples were then annealed at 600 C for 1
min and cooled to 250'C at a rate of 2. 5'C/sec. Total
chamber pressure during the anneal remained below
3X10 torr. LEED performed after the 600'C anneal
confirmed the presence of a (4X6) reconstruction. Iden-
tical samples progressed through the (2X4), (1 X6) with
I /6n Y* disorder lines, and (4X6) reconstructions as an-
nealing temperature was increased after desorption of the
As cap.
STM images of the annealed surface revealed uncon-
taminated areas larger than 4000X4000 A . The (4X6)
surface is found to be composed of distinct domains of
(1X6) and c(8X2) reconstructions. We also observe that
the (1 X 6) reconstruction exists predominantly across the
steps, and that the c (8 X2) occupies the center of the ter-
races on our 2' toward [110]misoriented substrate. Al-
though resolution limits have prevented us from deter-
mining a precise model for the (1 X 6) reconstruction, we
have observed a clear 2X period in the [110] direction
which was reported by Biegelsen et al. We have, howev-
er, obtained exceptionally high-resolution images of the
c ( 8 X 2) reconstruction. High-resolution images showing
the features described below have been obtained with
several diA'erent samples and tips. Figure 1 shows an oc-
cupied states image of the c (8 X2) surface. Immediately
apparent are the well-ordered rows 16 A apart, running
FIG. 1. Occupied states STM images of GaAs(100) c(8X2).
0
Scan area is 75 X 90 A . Sample bias was —1.7 V with a tunnel-
ing current of 70 pA. Proposed Ga and As atomic positions are
indicated by filled and open circles, respectively.
GaAs(100)- c(8x2)
Q Top layer As Top layer Ga
t110]
FIG. 2. Ball-and-stick model we proposed for the c(8X2)
surface. The dashed rectangle outlines the c(8 X 2) unit cell.
along the [110] direction and corresponding to a 4X
period, previously seen by other groups. ' '" Our sam-
ples exhibit these rows along the [110] direction for
lengths over 500 A. Figure 2 is a proposed ball-and-stick
model for the c (8X2) reconstruction based on our STM
results. This model satisfies electron counting heuristics,
requiring that As dangling bonds be filled to form As lone
pairs and that Ga dangling bonds be emptied, with no net
change in the number of electrons per unit cell. ' The
model characterizes the (4X2) subunits as consisting of
two adjacent As dimers and two adjacent Ga dimers.
The lone pairs of the As dimers form the prominent rows
parallel to [110]and spaced 16 A apart, as seen in the oc-
cupied states STM images. The clear node observed in
Fig. 1 between the atoms within the As dimers is con-
sistent with high-resolution STM observations of As di-
mers on the GaAs(100) (2 X 4) reconstruction ' and
reflects the high energy of the As lone pair state relative
to the As dimer bond. Also apparent in the occupied
states image of Fig. 1 is a clear 2 X period along the [110]
direction in the region between the As dimer rows. Since
the [110] direction is the Ga dimerization direction, we
conclude that a double row of Ga dimers exists between
the rows of As dimers. Figure 1 also shows that the Ga
dimers are out of phase on opposite sides of every As di-
mer row, indicating that misalignment of the Ga dimers
in adjacent (4X2) subunits gives rise to the centered
c(8X2) structure.
Other aspects of our STM observations strongly sup-
port the existence of As dimers on the c (8 X 2) surface, as
opposed to previous models which include only Ga di-
mers. ' ' First, the atomic corrugation along the prom-
inent continuous rows in our occupied states images con-
sistently show only a 1 X period along the [110]direction,
which is the Ga dimerization direction. If these prom-
inent rows were Ga dimers, one would expect to see a 2 X
period in the [110]direction instead. Second, the axis of
the features we attribute to Ga dimers are always orient-
ed in the [110] direction with individual atoms lying be-
tween the [110]axes attributed to As dimers. This obser-
vation is consistent with the atomic arrangement of As
dimers on top of a complete Ga layer as indicated in Fig.
2. In contrast, the missing Ga dimer model, '" illustrat-
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FIG. 3. Ball-and-stick representation of the missing dimer
model for the c ( 8 X 2) reconstruction (Refs. 3 and 9}. The
dashed rectangle outlines the c(8 X2) unit cell.
ed in Fig. 3, requires that the Ga atomic positions lie ap-
proximately on the same line in the t 110j direction as the
As lone pairs. Furthermore, we consistently observe only
two dimers between the As lone pairs instead of three as
proposed by the model of Fig. 3. The presence of two Ga
dimers is determined either by direct observation in
high-resolution images as shown in Fig. 1 or by the pres-
ence of a node at the midpoint between As lone pairs seen
in many lower-resolution STM images. Lastly, unoccu-
pied states images of this surface exhibit a reversal of
contrast when compared to the occupied states images, as
demonstrated in Fig. 4. It should be noted that the image
of Fig. 4(b) was obtained at a high bias of 3.5 V. Al-
though tunneling into bulk states is probable and surface
details are generally not observed at this bias, we observe
alternating contrast every 8 A, shown in Fig. 4(b), and
the reversal of contrast at opposite polarity. These obser-
vations clearly indicate two regions of the (4X2) subunit
that exhibit different surface electronic states. Also, re-
versal of contrast between occupied and unoccupied state
images of the c (8 X2) reconstruction has also been ob-
served by Biegelsen et al. This reversal of contrast is a
natural consequence of the model illustrated in Fig. 2.
The As dimers have a high density of filled lone pair
states located on each As atom, with no unoccupied
states except for high-energy antibonding orbitals. Ga di-
mers, on the other hand, have a high density of unoccu-
pied states since their dangling bond orbitals are empty.
A recent soft-x-ray photoemission study by Vitomirov
et al. ' relating the As/Ga 3d core-level intensity ratio to
annealing temperature and STM observations of the
GaAs(100) (2X4) reconstruction, lends additional sup-
port for a high As surface concentration in the c(8X2)
reconstruction. The intensity ratio I(As 3d)/I(Ga 3d) was
observed to decrease throughout the temperature range
in which the (2X4) reconstruction was observed with
LEED, and remained relatively constant when the
(b)
FIG. 4. (a) Occupied and (b) unoccupied state STM images
of GaAs(100) c (8 X 2) illustrating contrast reversal of As and Ga
dimer rows. Sample bias was —1.7 and +3.4 V at a tunneling
current of 70 pA. Arrow indicates a defect used to register As
and Ga dimer rows. The depicted c(8X2) region is located
within a terrace on the vicinal substrate.
c(8X2) reconstruction was present. The measured I(As
3d)/I(Ga 3d) for the c (8 X 2) reconstruction nearly
equaled the lowest value obtained on the (2X4) recon-
struction. The As surface concentration decrease within
the (2 X4) reconstruction agrees well with reflection
high-energy electron diffraction and STM observations
showing that the (2 X 4) surface exhibits three phases hav-
ing different As/Ga surface ratios. STM images of the
(2X4) reconstruction ' have verified predictions by Far-
rell and Palmstrom' that the most As-depleted (2X4)
phase has an As surface concentration of 0.5, containing
two As dimers and two missing As dimers per unit cell.
These STM observations showing that the As-depleted
(2X4) reconstruction has a surface concentration of 0.5
together with the soft-x-ray result that the As/Ga 3d
core-level intensity ratio for the c(8X2) surface nearly
equals the intensity ratio for the As-depleted (2 X4)
reconstruction, strongly implies that the As surface con-
centration must be 0.5 in both cases.
In conclusion, we have obtained especially high-
resolution STM images of the GaAs(100) c(8X2) recon-
struction. The c (8 X 2) structure results from an ordering
of (4X2) subunits. Close examination of the observed
periodicities, atomic positions, and spectroscopic results
indicate that the (4 X 2) subunit is composed of two As
dimers and two Ga dimers. We conclude that the 2X
period is derived from Ga dimerization and that the 4X
period arises from the spatial arrangement of the As and
Ga dimer rows.
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